Bi 2 Se 3 thin films are imaged in the near-field using spectroscopic scattering type near-field optical microscopy (s-SNOM) at mid infrared laser wavelength region (9-11μm). Single phases Bi 2 Se 3 thin film structures were prepared by mechanical exfoliation on silicon wafers. We report size and wavelength dependent near-field interaction contrasts in both optical amplitude and phase. We show that near-field optical imaging allows material specific identification and characterization of Bi 2 Se 3 exfoliated samples including the confirmation of residual tape presence or removal in stacked films. We describe an alternative "shear exfoliation" sample preparation method which reliably deposits Bi 2 Se 3 without the possibility of adhesive contaminants.
INTRODUCTION
Among some of the most exciting discoveries in the past few years in condensed matter research is the theoretical foundations of topological insulating electronic phases based on strong spin-orbit coupling and observations of the these states in model materials [1, 2] . On the surface of topological insulators (TIs) such as Bi 2 Se 3 the electronic spectrum is characterized by a single helical Dirac dispersion such that counter-propagating electrons carry opposite spin allowing propagation of pure spin currents [3] . In addition to their fundamental scientific novelty, these states are predicted to have special properties arising from charge dynamics that could be driven optically, making them potentially useful for applications ranging from opto-spintronic devices, quantum computation, nanoscale electronics and nanophotonics [4] [5] [6] .
The novel properties of these 2D surface states have yet to be fully explored, their response to direct near-field optical excitations and direct real-space optical mapping of the surface states remains to be reported. Among surface sensitive techniques, scattering type scanning near-field optical microscopy (s-SNOM), is an ideal technique to directly map surface states. This is because the generation and dynamics of surface states manifests itself strongly in the near-field, and requires distance dimensions below the diffraction limit, therefore high spatial resolution experimental techniques become invaluable methods for the investigation of such systems. S-SNOM offers direct experimental access to the optical near-field distribution of surface electrons in TIs, enabling them to be visualized and investigated in a manner similar to the studies recently conducted on graphene [7] .
Previously, the mechanical exfoliation technique has been successful in fabricating thin samples of Bi 2 Se 3 and Bi 2 Te 3 nanofilm owing to the repeated cleaving of quintuple layers [8] [9] [10] . However, the residue of polymer tape adhesives introduces possible sample contamination when fabricated using mechanical exfoliation. Although distinguishing between large amounts of adhesive and thin film Bi 2 Se 3 may be possible via diffraction-limited optical microscopy, and detecting height variations ~2 nm may be performed with AFM, these techniques are incapable of resolving adhesive nanodroplets that can reside in the sample despite various sophisticated cleaning techniques. S-SNOM offers high-resolution material contrast imaging capability that identifies between substrate, adhesive and Bi 2 Se 3 nanostructures in a chemical-specific way.
Here we investigate near-field optical properties of Bi 2 Se 3 thin films using spectroscopic s-SNOM [11] .Bulk Bi 2 Se 3 samples was synthesized by conventional high temperature solid-state method. Formation of single phases of Bi 2 Se 3 were confirmed by powder X-ray diffraction technique. Thin film Bi 2 Se 3 samples were prepared by mechanical exfoliation on silicon wafers. By imaging several Bi 2 Se 3 thin films with s-SNOM, we discovered size and wavelengthdependent near-field contrast in both amplitude and phase. S-SNOM can directly visualize the Re(ε) of the sample's dielectric function ε in amplitude, while phase images map Im(ε) [12] . Retraction curves taken at several locations confirm that the contrasts observed were from evanescent near-field interactions. Another solution to the possible contamination from exfoliation techniques is also to eliminate tape altogether. We introduce a "shear exfoliation" sample preparation method which reliably deposits Bi 2 Se 3 and Bi 2 Te 3 without the possibility of adhesive contaminants.
EXPERIMENTAL DETAILS
To prepare Bi 2 Se 3 , stoichiometric amounts of Bi (Alfa Aesar, 99.999%) and Se (Alfa Aesar, 99.999%) were weighted and thoroughly ground in an argon-filled glove box and was transferred into a silica tube. The tube was evacuated using a vacuum line and then sealed with a hydrogen/oxygen torch. Subsequently, it was heated at 850°C for 24 hours in a box furnace and then cooled down to the room temperature.
A small piece of each product was ground into the powder form. Employing a PANalytical X'Pert Pro MPD powder diffractometer, equipped with a linear X'Celerator detector, with Cu-Kα1 radiation the phase formation and the purity of the sample was examined. The diffraction pattern was in perfect match with that of Bi 2 Se 3 .
Thin film Bi 2 Se 3 thin film samples were initially prepared by mechanical exfoliation on Si wafers. The exfoliation of Bi 2 Se 3 was performed using similar techniques to the exfoliation of graphene. Si substrates were sonicated in ethanol for 15 minutes, then methanol for 15 minutes, dried and heated to 160 °C to evaporate atmospheric moisture. Scotch tape was applied to a cleaved Bi 2 Se 3 sample, and peeled off carrying a thin sheet of material. This material was then folded in tape to split the layers of the sheet of material. This was repeated multiple times in order to create thinner and thinner layers. This was then pressed onto the Si substrate.
The topography and optical near-field imaging were performed using a commercial s-SNOM setup (NeaSNOM, neaspec.com) [11] . S-SNOM performs simultaneous topography, near-field amplitude and phase contrast imaging by recording the laser (CO 2 laser λ ~9-11 µm) light scattered from commercial PtIr-coated cantilevered tips. The tip oscillates with a vertical resonance frequency Ω and amplitude proportional to the radius of apex of the tip (~15-25 nm). Near-field scattering measurements are achieved using a combination of demodulation of the detector signal at higher harmonics of the resonance frequency, nΩ (demodulation order n>1) and a pseudoheterodyne interferometric signal detection scheme for greater background suppression [13] . Figure 1 shows topographic and optical near-field images of exfoliated Bi 2 Se 3 sample on Si substrate with the scotch tape deliberately not removed from the surface. The image was taken at mid IR laser frequency regime where strong optical contrast of the tape polymer adhesive and Bi 2 Se 3 film is expected to be strong relative to the substrate. The optical images (Figure 1 ) reveal three different contrasts showing the presence of more than one material, a crucial information which cannot be deduced from the AFM topographic image alone in Figure 1 . In s-SNOM the amplitude contrast can be considered as directly proportional to the real part of the dielectric constant (Re(ε)) and the phase proportional to the imaginary part of the dielectric constant (Im(ε)) [14] . Metals 15 and semiconductors have brighter amplitude contrasts owing to large Re(ε), 16 whereas low dielectric polymers show a darker contrast on a Si substrate [17] . Since the absorption of a material scales with its Im(ε), materials that have strong phonon modes will show brighter contrast compared to Si wafer [18] . Based on these image formation arguments in s-SNOM, we identify the dark contrast as arising from the tape which also covers partly the Bi 2 Se 3 film both which are sitting on Si substrate. Our results demonstrate an excellent way to monitor the presence or removal of residual tape when preparing samples using exfoliation techniques and identify each material ( figure 1(a) ).
DISCUSSION
Commonly, removal of residual tape in exfoliation techniques performed either by dissolving the tape in acetone or annealing the sample at high temperatures. However the stacking of the Bi 2 Se 3 film and tape on the substrate during exfoliation could be more complex and may prove difficult to remove. To demonstrate this we performed a controlled investigation via near-field imaging on a sample prepared by repeated exfoliation of Bi 2 Se 3 film on Si substrate. In Figure 2(a) , the near-field amplitude image shows an interesting stacking of Bi 2 Se 3 film and the tape on Si substrate. In figure 2(e), line profile on the topography image shows that the thin film marked as 1 is higher in topography than both 2 and 3. The film marked as 3 is higher in topography than the substrate marked as 2. As noted above we identify the darker contrast region marked as 3 as the tape. The surprising find here is that while the area marked as 1 is higher in topography than both of the areas marked as 2 and 3, we can see the 110 nm thick film on top of the tape and see the tape through the film. Such transparent contrast cannot be achieved by AFM imaging alone. However it is well known that the near-field extends through thin, low-dielectric materials and is capable of imaging buried structures [19] . The Bi 2 Se 3 film has low reflectivity and is optically transparent at this wavelength region as indicated in [20] which makes it possible to see the adhesive through the film, in particular as the thickness of the film decreases. By taking retraction curves at locations 1, 2, and 3 ( Fig. 2d) , the contrasts observed were confirmed to be from near-field interactions and not from height related artifacts. As expected, the contrast on structure 1 identified as Bi 2 Se 3 film is larger (black line) than that of retraction curve taken at area 2 (red line), which we identify as the Si substrate, and has a higher contrast than the darker film (blue line) identified as the tape.
To avoid the complex stacking of tape and Bi 2 Se 3 film on a substrate during exfoliation, we propose a new way of sample preparation without using any tape at all. To eliminate the presence of adhesive from the tape, a "shear exfoliation" technique was developed loosely based on the cleaving technique in [9] . The cleaved surfaces of Bi 2 Se 3 or Bi 2 Te 3 bulk material were pressed onto a piece of tape and lifted off, leaving a continuous ~2 mm 2 area multilayer flake. From these flakes' top surface, thinner flakes free of adhesive are removed and gently placed on a clean, baked Si substrate. With tweezers, the flake is dragged across the substrate. Figure 3 shows spectroscopic optical images of Bi 2 Se 3 film prepared by this technique without the use of any tape. Experiments were performed at wavelengths λ=9.25 μm, λ=10.5 μm and λ=10.75 μm. The amplitude contrasts were computed by normalizing the signal on the Bi 2 Se 3 film to that of the signal on Si substrate. We find that the normalized amplitude to be 1.18 at λ=9.25 μm, 1.04 at λ=10.5 μm and 0.97 at λ=10.75 μm. The reflectivity of the Bi 2 Se 3 film increases as the frequency of the probing laser increases in the range 9-11 μm (the CO 2 laser range). Higher reflectivity results in higher Re (ε), which in turn results in higher amplitude contrast which is reproduced in our experiments (Figure 3(b, c, d) ). 
CONCLUSIONS
Through direct observation of chemical specific optical contrast with s-SNOM, we show that Bi 2 Se 3 thin films prepared by mechanical exfoliation can have tape adhesive residues remain attached to Bi 2 Se 3 nanostructures in nanoscale spatial dimensions. Samples prepared by shear exfoliation eliminate the presence of tape, as evidenced by s-SNOM images. The reflectivity of shear-exfoliated Bi 2 Se 3 films were shown to decrease as wavelength increases in the 9-11µm range.
